Lateral diffusion behavior of two-dimensional carrier gas in InGaN/GaN multiple quantum wells was investigated using optical transient transmission measurements. A large ambipolar diffusion coefficient was observed, which was attributed to the enhancement by a strong piezoelectric field. This large ambipolar diffusion coefficient was found to increase with increased well width with a value on the order of 3000 cm 2 /s for a 62 Å well-width sample. © 2001 American Institute of Physics. ͓DOI: 10.1063/1.1347399͔
͑Received 10 October 2000; accepted for publication 14 December 2000͒ Lateral diffusion behavior of two-dimensional carrier gas in InGaN/GaN multiple quantum wells was investigated using optical transient transmission measurements. A large ambipolar diffusion coefficient was observed, which was attributed to the enhancement by a strong piezoelectric field. This large ambipolar diffusion coefficient was found to increase with increased well width with a value on the order of 3000 cm 2 During the past few years development in the field of GaN-based semiconductors has received considerable interest because of its applications as light emitters 1, 2 and light detectors 3, 4 in the green to UV wavelength range as well as high power and high temperature electronics. 5, 6 Understanding the transport properties in GaN material systems is fundamental to improving device performance. Monte Carlo calculations predicted a high peak velocity, high saturation velocity, and relatively high electron mobility in GaN 7 and InN. 8 Recent extensive studies 9-14 on the two-dimensional ͑2D͒ electron gas at the AlGaN/GaN heterointerface indicated large 2D electron mobility, which is much higher than that for bulk GaN. Low temperature mobility values of over 10000 cm 2 /V s were reported. [12] [13] [14] Connected with mobility through the Einstein relation, the diffusion coefficient in bulk GaN was also extensively studied. [15] [16] [17] Electron and hole diffusion coefficient values on the order of 0.1-10 cm 2 /s were reported. [15] [16] [17] [18] Studies of 2D lateral diffusion in GaN related structures were, on the other hand, rarely reported.
In this letter, we report our studies on the 2D lateral diffusion behavior in InGaN/GaN multiple quantum wells ͑MQWs͒ using an optical transient transmission measurement technique. The 2D ambipolar diffusion coefficient, which describes the excess electron-hole pair diffusion 19 in a 2D plane, was measured. Similar to previous observation of the giant ambipolar diffusion coefficient in GaAs based n -i -p -i superlattices, 20 where fast in-plane diffusion was greatly enhanced by the spatial separation of electrons and holes due to strong built-in electric fields normal to the layers, we have observed an enhanced ambipolar diffusion coefficient in large well-width InGaN MQWs due to the spatial charge separation by the large built-in piezoelectric field. With a well width increased from 12 to 62 Å, the measured ambipolar diffusion coefficient at room temperature was found to increase from 400Ϯ100 cm 2 /s up to 2700 Ϯ500 cm 2 /s.
The InGaN/GaN MQWs we studied were grown on c-plane sapphire using atmospheric pressure metalorganic chemical vapor deposition. After the deposition of a GaN nucleation layer, the temperature was raised to 1080°C to grow n-type GaN of 2.5 m thickness. The 14 period InGaN/GaN MQWs were then grown on this thick GaN layer at a temperature of 790°C. The InGaN wells were unintentionally doped with a n-type carrier density less than 1 ϫ10 17 cm Ϫ3 , determined from Hall measurement of a calibration sample grown on the same condition. The barriers were Si doped ͑n type͒ with a Si density on the order of 2 ϫ10
18 cm Ϫ3 , determined by secondary ion mass spectrometry on a calibration sample grown under the same condition. The sample was finished with a 0.1 m cap Al 0.1 Ga 0.9 N layer. The barrier widths of all samples were held at 43 Å while the well widths were varied from 12 to 62 Å ͑with 12, 25, 50, and 62 Å͒. The crystal structure was wurzite. The In composition in the MQWs was around 10%. The band gaps of MQWs were between 390-430 nm for 12-62 Å wellwidth MQWs. The piezoelectric field inside the InGaN QW was estimated to be around 350 kV/cm. 21 Time-resolved photoluminescence studies on these samples revealed a carrier lifetime between 1-4 ns for short well-width samples ͑12 and 25 Å͒ and a much longer lifetime of Ͼ35 ns for the large well-width samples ͑50 and 62 Å͒, due to the electron/ hole wave function separation. 21 The experiments were performed using a standard transmission pump-probe technique 22 with a Kerr-lens-mode locked Ti:sapphire laser. The laser output pulses from the femtosecond Ti:sapphire laser were frequency doubled in a BBO crystal to reach the band gap energy of the InGaN/GaN MQWs. The frequency-doubled pulses had a pulsewidth of 180 fs at a wavelength of 390 nm. One tenth of the UV beam was reflected by a beamsplitter to be used as the probe beam while the rest of the UV power passed through the beamsplitter was used as the pump beam. The pump and probe beams were focused vertically onto the InGaN/GaN MQW sample by an objective lens. 
With a fundamental transmission electron microscope Gaussian mode, the UV pump pulses excited carriers inside the wells with a Gaussian-like spatial density distribution. Due to the quantum-confinement effect inside the wells, the photoexcited nonuniform carriers would diffuse laterally out of the excitation pump region but would still be confined inside each of the quantum wells. Using a delayed probe pulse with the same spot size as the pump pulse, its transmission variation would then reflect the carrier density change in the pumping region that was governed by the 2D lateral diffusion process. The 2D lateral diffusion process obeys the diffusion equation
where N is the excited carrier population, t is time, D is the diffusion coefficient, and r is the distance from the pump beam spot center in the diffusion plane. , where w is the pump beam radius and C 2 is a constant, the initial diffusion time constant (t 0 ) at a distance r away from the pump beam center can be described as
͑3͒
With Eq. ͑3͒, we found that (rϭ0)ϭw 2 /8D. However, with a probe spot size equal to the pump spot size, the initial ''effective'' diffusion time constant probed by the whole probe laser beam would be modified as
by integrating the diffusion effect throughout the 2D beam profile. A square relation between the initial effective diffusion time constant and laser spot size was found. By measuring the diffusion time constant as a function of beam spot size, the values of 2D lateral diffusion coefficient D can then be obtained. Figure 1 shows the room-temperature measured transient transmission responses in the 12 Å InGaN/GaN MQW at a wavelength of 390 nm corresponding to different laser beam radii from 4.8 to 11 m on the sample. The average pumpinduced excess photocarrier density was estimated to be on the order of 0.3-3ϫ10 12 cm
Ϫ2
. With a fixed pump power and by varying the laser spot size on the sample, we not only observed a transmission response decrease due to reduced average photocarrier densities, the time constant for the transient transmission change was also found to increase with increased spot size. We have also performed similar measurements by using a fixed spot size but varying the optical pump power, no significant time constant variation was observed, which is different from the size-variation experiments. The time constant was also found to be independent of the laser excitation wavelength. Figure 2 plots the measured time constant around time zero as a function of the pump spot size for the 12 Å well-width MQW. The measured initial time constant was found to increase from 150 to 700 ps when the spot size was increased from 4.8 to 11 m. A square relationship between the initial time constant and the laser spot size can be found, agreeing with Eq. ͑4͒. By fitting Fig. 2 with Eq. ͑4͒, as shown in the dotted line, a large value of 400 Ϯ100 cm 2 /s could be obtained for the 2D lateral diffusion coefficient D.
Similar measurements were also repeated in samples with different well widths. Figure 3 shows the measured transient transmission traces from different MQW samples with a fixed spot size of 11 m. A drastic time constant decrease was observed with increased well width. With a fixed spot size of 11 m, the measured diffusion time constant decreased from 700 to 100 ps when the sample well width increased from 12 to 62 Å. By performing beam radius dependent measurements, 2D lateral diffusion coefficient D was found to increase drastically from 400Ϯ100 to 2700 This interesting behavior is similar to the ''giant ambipolar diffusion coefficient'' previously observed in GaAs/ InGaAs n -i -p -i or p -i -n structures, 20, 23 where a diffusion coefficient exceeded 16000 cm 2 /s was reported. 20 The observed ambipolar diffusion coefficients exceeded typical bulk value by several orders of magnitude. The fast 2D lateral diffusion in the previous observed systems was due to the spatial separation of the charge carriers of opposite sign which resulted from the strong built-in electric fields normal to the layers. 20, 23 Due to the decomposition of the electronhole plasma into its components, the attractive Coulomb interaction between electrons and holes was reduced and did no longer compensate the repulsion between carriers of the same type as it did in bulk materials. 20, 23 In addition, the electron-hole recombination was effectively suppressed by the spatial separation of the carriers. 20, 23 For the InGaN MQWs, the strong built-in piezoelectric field separates the generated carriers with opposite charges. This spatial charge separation inside the QW would be enhanced with increased well width and would be responsible for the observation of the increased 2D lateral diffusion coefficient. The space charge separation inside the InGaN QW of thick well-width samples was also supported by previous TRPL measurements in the same samples. 21 In conclusion, we studied the 2D lateral diffusion behaviors in InGaN/GaN MQWs using an optical transient transmission measurement technique. A large ambipolar diffusion coefficient was observed at room temperature. With a well width increased from 12 to 62 Å, the measured ambipolar diffusion coefficient was found to increase from 400Ϯ100 to 2700Ϯ500 cm 2 /s. Similar to previous observations of the giant ambipolar diffusion coefficient in InGaAs/GaAs based n -i -p -i or p -i -n structures, 20, 23 the observation of the enhancement of 2D lateral diffusion coefficient in InGaN MQWs with increased well width could be understood through the spatial separation of electrons and holes due to the strong built-in piezoelectric field inside the MQWs. 
